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Abstract Arctic winter sea ice loss is most pronounced in the Barents Sea. Here we combine
observations since 1850 with climate model simulations to examine the recent record low winter Barents
Sea ice extent. We find that the present observed winter Barents Sea ice extent has been reduced to less
than one third of the pre-satellite mean and is lower than the minimum sea ice extent in all multicentury
climate model control simulations assessed here. The current observed sea ice loss is furthermore
unprecedented in the observational record and appears as an uncommon trend in the long control
simulations. In a warming climate, projections from the large ensemble simulation with the Community
Earth System Model show a winter ice-free Barents Sea for the first time within the time period 2061–2088.
The large spread in projections of ice-free conditions highlights the importance of internal variability in
driving recent and future sea ice loss.
1. Introduction
The loss of Arctic summer sea ice in recent decades is well documented and one of the most visible manifes-
tations of ongoing climate change [Serreze et al., 2007]. Although less dramatic and less studied, the Arctic
winter sea ice cover has also displayed a steady retreat since satellite measurements of sea ice began in 1979
[Cavalieri and Parkinson, 2012]. These wintertime sea ice changes largely result from a retreating Barents Sea
ice cover (Figure 1) [Onarheim et al., 2015; Li et al., 2017]. The recent decade has seen reduced sea ice growth
leading to an accelerated trend toward lower Barents Sea ice extent, with the sea ice extent in 2016 and 2017
being the lowest on record (Figure 1).
The loss of sea ice in the Barents Sea can potentially affect climate and weather in lower latitudes [Liptak
and Strong, 2014; Sorokina et al., 2016], and Arctic ecosystems and fisheries [e.g., Dalpadado et al., 2014]. The
location of the sea ice edge in the Barents Sea also impacts shipping opportunities and offshore industry
[ACIA, 2005]. It is therefore of great interest to understand winter sea ice variability and trends in the Barents
Sea with respect to past variability and to predict the future fate of the winter sea ice cover.
The Barents Sea is a seasonally ice covered Arctic shelf sea, and a transition zone between the temperate
Nordic Seas and the cold Arctic Ocean. The ocean climate in the Barents Sea is dominated by the varying
influence of the Atlantic water inflow in the Norwegian Atlantic Current, a poleward extension of the Gulf
Stream [e.g., Smedsrud et al., 2013]. Variations in the Atlantic inflow exert a dominant influence on the vari-
ability and trend of the winter Barents Sea ice cover, by determining the amount of wintertime freezing
[Venegas and Mysak, 2000; Vinje, 2001; Årthun et al., 2012; Smedsrud et al., 2013; Onarheim et al., 2015; Li et al.,
2017]. Consequently, the Barents Sea ice cover displays pronounced interannual to multidecadal variability
as a response to changes in the large-scale ocean circulation and associated changes in poleward ocean heat
transport [Venegas and Mysak, 2000; Vinje, 2001; Zhang, 2015]. Low-frequency climate variability, reminiscent
of the Atlantic Multidecadal Oscillation, is also evident in Barents Sea temperatures [Skagseth et al., 2008;
Levitus et al., 2009].
The presence of substantial decadal to multidecadal sea ice variability in the Barents Sea makes it necessary to
consider long time series when evaluating the uniqueness of the ongoing winter Barents Sea ice loss. Hence, in
order to assess the occurrence of winter sea ice trends of varying lengths, we will combine a new observational
data set covering the time period since 1850 [Walsh et al., 2015, 2017] and multimodel, multicentury climate
model control simulations. We also consider future trends in a warming climate, using mainly the Community
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Figure 1. (a) Observed winter sea ice concentration trend, 1979–2017. The red box outlines the Barents Sea. (b) Barents
Sea winter sea ice extent between 1850 and 2017. The vertical dashed line indicates the year 1979. (c) Successive
30 year trends in Barents Sea winter sea ice extent, 1850–2017. Trends are displayed at the center of each 30-year
period. The gray shading indicates the 95% confidence interval. Note that the confidence interval does not take into
account uncertainties with respect to data quality. d) Fraction of winter Barents Sea ice concentration data based on
observations. 100% indicates that no data is based on analogs or interpolation by Walsh et al. [2015].
conditions in the Barents Sea in winter toward the end of the century. This study thus provides the first detailed
assessment of past, present, and future trends in observed and modeled Barents Sea winter sea ice extent.
2. Data and Methods
To assess and quantify Barents Sea ice variability and trends, we use a new data set of observed sea ice
concentration spanning the time period 1850 to 2013 [Walsh et al., 2015]. Sea ice concentration is satellite
derived since 1979, calculated by combining concentration estimates from the Bootstrap and NASA Team
algorithms [Meier et al., 2013]. Prior to the satellite era, observations are compiled from, e.g., ship reports and
airplane surveys [Walsh et al., 2015, 2017]. To assess the most recent (2014–2017) Barents Sea ice loss, we use
satellite-derived sea ice concentrations based on the NASA Team algorithm [Cavalieri et al., 1996; Maslanik
and Stroeve, 1999]. For consistency, we replace the Walsh product with the NASA Team product through-
out the satellite era, 1979–2013, in the 1850 onward data set; i.e., sea ice concentrations are based on the
NASA Team algorithm from 1979 to 2017. Minor differences in winter Barents Sea ice extent, 1979–2013,
were found between the two sea ice products; a detrended correlation of 0.98, mean ± standard devia-
tion of 0.64 ±0.13 × 106 km2 and 0.60 ± 0.14 × 106 km2, and linear trends of −0.09 × 106 km2 per decade
and −0.10 × 106 km2 per decade, for the combined (Bootstrap/NASA Team) product and the NASA Team
product, respectively. The historical sea ice concentration is mid-monthly and given on a 0.25∘ latitude by
0.25∘ longitude grid, whereas the monthly satellite observations are on a 25 km by 25 km grid. The pre-satellite
data clearly contain larger uncertainties with respect to trends and variability; however, this uncertainty is not
quantified [Walsh et al., 2017]. As a simple measure of data uncertainty, we show in Figure 1d the fraction of
the winter Barents Sea ice concentration data which is based on observations, i.e., where the sea ice data is
not based on analogs or interpolation by Walsh et al. [2015] (100% means that the sea ice concentration in
each grid point is based on observations for all winter months). For a detailed description of the different data
sources see Walsh et al. [2015]. The extended data set is nevertheless valuable for putting the recent sea ice
loss into a longer historical perspective.
We consider winter (November–April; we note that results are not sensitive to the chosen definition of the
winter season) sea ice extent in the area 70–81∘N, 15–60∘E (red box in Figure 1a), following, e.g., Årthun et al.
[2012]. A large part of the historical observations are of the sea ice edge, making sea ice extent beneficial
compared to sea ice concentration or area. Sea ice extent is calculated as the cumulative area of all grid cells
where monthly mean sea ice concentration is larger than 15%. Linear trends are thereafter calculated over
10–100 year time periods, although we will mainly consider 30 year trends when discussing temporal changes
in the Barents Sea ice cover [cf., Serreze and Stroeve, 2015].
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Figure 2. Standard deviation of winter sea ice concentration (colors) and mean sea ice edge (15% sea ice concentration;
black contour line) in observations [Walsh et al., 2015] and preindustrial climate model control simulations. Note that
the data have not been detrended. The observed sea ice edge in 1979 and 2013 are also shown (white contours in the
first row).
To evaluate when the Barents Sea approaches ice-free conditions, we define (nearly) ice-free conditions as
10% of the pre-satellite (1850–1978) average winter sea ice extent (0.08 × 106 km2). This allows for a small
amount of sea ice to remain during parts of the winter, although the ocean is for all practical purposes ice free.
To assess the probability of the occurrence of observed trends as a result of internal variability, we ana-
lyze preindustrial control simulations (no external forcing) from four commonly used global climate models
available from the fifth phase of the Coupled Model Intercomparison Project (CMIP5) [Taylor et al., 2012];
NorESM1-M [Bentsen et al., 2013] (500 year simulation), GFDL CM3 [Griffies et al., 2011] (500 year simulation),
CESM [Kay et al., 2015] (1800 year simulation), and MPI-ESM-MR [Giorgetta et al., 2013] (1000 year simulation).
The combination of the four control runs, 3800 years in total, is sufficient to span a broad range of internal
variability [e.g., Kay et al., 2011; Li et al., 2017], and the full suite of CMIP5 control simulations is therefore not
included here. Keeping in mind that the simulations do not include external forcing, the location of the sim-
ulated mean sea ice edge in the Barents Sea is in fairly good agreement with observations in all the models
(Figure 2). Consistent with observations, the area of maximum variance in the models stretches toward the
northeast along the path of the warm Atlantic water [e.g., Årthun et al., 2012]. The magnitude of variability
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in the models is larger than that observed if we consider the time period since 1850, while it is in better
agreement with that observed during the satellite period. We note that our results are not sensitive to the
differences in grid size. A detailed model evaluation is not performed here, and the reader is referred to, e.g.,
Sandø et al. [2014a] (NorESM1), Griffies et al. [2011] (GFDL CM3), Jahn et al. [2016] (CESM), and Notz et al. [2013]
(MPI-ESM).
The same four climate models are also used to assess the future development of the Barents Sea ice cover.
The simulations considered here use historical forcing for the period 1850–2005 and Representative Con-
centration Pathway (RCP) [Moss et al., 2010] 8.5 forcing from 2006 to 2100. Instead of using a larger selection
of CMIP5 models, we mainly make use of the CESM-LE, from which 40 ensemble members are available for
the time period 1920 to 2100. These ensemble members all use the same Earth system model and the same
external forcing but have small atmospheric initialization differences. Consequently, the CESM-LE ensemble
spread is only generated by internal climate variability, unlike the CMIP5 multimodel spread that results also
from different model physics. CESM-LE simulates a realistic Arctic sea ice cover and has previously been used
to assess Arctic summer sea ice loss [Swart et al., 2015; Barnhart et al., 2016; Jahn et al., 2016]. To assess scenario
uncertainty, we also make use of the CESM medium ensemble (ME) [Sanderson et al., 2015], which consists of
15 ensemble members forced with RCP4.5 from 2006 to 2080.
3. Observed Sea Ice Variability and Change 1850–2017
The Northern Hemisphere (NH) winter sea ice extent has linearly decreased by 1.8× 106 km2 since 1979, with
largest trends occurring in the Barents Sea (Figure 1a). Despite the Barents Sea’s relatively small area (roughly
4% of the NH’s ice covered area), it contributes to 24% of the observed NH winter sea ice loss. The winter
Barents Sea ice extent has decreased by 0.43 × 106 km2 since 1979 (Figure 1b). The sea ice loss is associated
with a northeastward retreating sea ice edge (Figure 2) and is particularly large in the northeastern Barents
Sea (Figure 1a). As a consequence, large parts of the Barents Sea have been ice free in recent winters. The
number of months with ice-free conditions has increased from less than one in the 1980s to six in 2016, and
November (the first winter month) has been ice free in five of the last 8 years (not shown).
During the most recent decade the Barents Sea ice extent has been less than half of the pre-satellite
(1850–1978) mean (Figure 1b). The two most recent winters have had an unprecedentedly small sea ice cover,
only 28–32% of the pre-satellite mean, or 40–45% of the satellite mean. Prior to the satellite era, the Barents
Sea ice cover shows large interannual variability, and less pronounced decadal to multidecadal variability. The
sea ice extent increases slightly from the 1850s to the 1900s, decreases gradually to the 1950s, increases to the
1970s, and displays a rapid decline since. Consistent with Vinje [2001] and Miles et al. [2014], there is no clear
signal of the 1930s early warming period. The long-term changes are reflected in successive 30 year trends
(Figure 1c). The 30 year trends are generally small until the 1980s–1990s, whereas the recent trends are large
and unprecedented, exceeding −0.13 × 106 km2 per decade during the last 30 years. We note that recent
20–40 year trends are also unprecedented.
4. Sea Ice Variability and Trends in Preindustrial Control Simulations
To assess the probability of the ongoing winter Barents Sea ice loss to occur as a result of internal variability,
we examine trends in preindustrial control simulations from CESM, GFDL CM3, MPI-ESM-MR, and NorESM1-M.
The present observed trend is an uncommon feature in these models (Figure 3). The probability of a simu-
lated 30 year trend to be larger than or equal to the most recent observed 30 year trend is less than 0.1% in
MPI-ESM-MR, NorESM1-M, and CESM, and slightly higher (2%) in GFDL CM3 (Figure 3). We note that trends
are not scaled by the mean sea ice extent in the individual models, but that the results are consistent if we
consider a percentage trend. The observed sea ice extent in recent years is also an uncommon feature in the
control simulations; the observed sea ice extent in 2016 and 2017 is outside the range of variability in all the
preindustrial control simulations considered here (horizontal dashed lines in Figure 4a).
In three out of the four models, the simulated 30 year trends are generally less than half of the current observed
trend. The GFDL CM3 simulation has larger trends than the other models and has 30 year trends larger than
that observed ten times during the 500 year model run. Hence, according to these models, the chance of the
recent observed trend to occur is small in a simulated preindustrial climate. In contrast, the observed decadal
trends are less rare in the model simulations, e.g., the probability of a simulated 10 year trend to be larger
than or equal to the current observed 10 year trend is 6–25% in all models (not shown). Figure 3 furthermore
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Figure 3. The probability (%) of a winter Barents Sea ice extent trend with a specified length (10–100 years) and
magnitude to occur in preindustrial control simulations by (a) GFDL CM3, (b) MPI-ESM-MR, (c) CESM (c), and
(d) NorESM1-M. Red dots indicate the most recent observed 30 year trend, and corresponding bars show the 95%
confidence intervals. Note the different scales on the y-axes.
illustrates that the probability for large trends to occur increases for decreasing time intervals over which the
trend is calculated, i.e., the largest trends occur for the shortest time intervals.
5. Future Barents Sea Ice Cover
The rapidly shrinking winter Barents Sea ice cover may portend that the Barents Sea is going toward ice-free
conditions year round. As a simple estimate of when ice-free winter conditions may occur, we calculate linear
and quadratic trends over the most recent 30 year period (1988–2017; both being good fits for the recent
observed sea ice evolution) and then extrapolate the trends into the future. This method suggests ice-free
conditions in 2023 and 2036 for quadratic and linear trends, respectively. We note that these statistical pro-
jections are highly uncertain as they are only based on extrapolating the observed trend and assume that the
current sea ice extent trend prevails [e.g., Meier et al., 2007].
To further investigate the future fate of the Barents Sea ice cover in the presence of climate change, we mainly
employ the CESM-LE simulation, and also future climate change simulations (single realizations) from GFDL
CM3, MPI-ESM-MR, and NorESM1-M. The observed Barents Sea ice extent lies within the ensemble spread of
CESM-LE until the recent rapid sea ice loss (Figure 4a). This is consistent with Vinje [2001] and Shapiro et al.
[2003] who found that the sea ice decline during the 1990s was within the range of observed variability during
the last 150 years. However, recent winters fall well below the range of simulated variability in CESM-LE.
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Figure 4. Past, present, and future winter Barents Sea ice extent in the (a) CESM-LE and (b) CESM-ME (ensemble mean:
blue line; quartiles: red shading; ensemble spread: gray shading). In Figure 4a the future sea ice extent (2007–2100) is
also shown for GFDL CM3 (green), MPI-ESM-MR (yellow), and NorESM1-M (purple). Horizontal dashed lines illustrate the
minimum sea ice extent for the corresponding preindustrial control simulations. Observed sea ice variability is shown in
black, with the red dot highlighting the winter sea ice extent in 2017. The horizontal dotted black line in Figures 4a and
4b marks (nearly) ice-free conditions, defined as 10% of the 1850–1978 average winter sea ice extent.
All models show a gradually declining sea ice cover toward 2100, with shorter (interannual to decadal) time
periods of positive trends also present (Figure 4a). The latter is consistent with decadal-long hiatuses in Arctic
sea ice loss as a result of internal climate variability [e.g., Kay et al., 2011; Swart et al., 2015; Årthun et al., 2017].
Ice-free conditions are projected to occur for the first time in 2028 in GFDL CM3, 2061 in MPI-ESM-MR, and 2063
in NorESM1-M. For CESM-LE the range of dates when each ensemble member becomes ice free for the first
time is 2061–2088, with a median of 2075, meaning that internal variability leads to a prediction uncertainty of
28 years. Similar uncertainty was found in CESM-LE projections of Arctic summer sea ice [Jahn et al., 2016]. For
the ensemble mean, representing the externally forced contribution to future sea ice loss, ice-free conditions
occur in 2083. All models suggest that the Barents Sea may become ice free in periods, before recovering due
to short-term positive trends. At the end of the century, however, the long-term sea ice loss overrides the
periods of positive trends, and the Barents Sea thus remains ice free throughout the year (Figure 4a).
The CESM-LE simulation considers the strong forcing scenario RCP8.5, which assumes that emissions will
continue to rise throughout the 21st century [Moss et al., 2010]. The medium forcing scenario RCP4.5, which
assumes that emissions peak around 2040, also shows a gradually declining winter Barents Sea ice cover
(Figure 4b). However, ice-free winters do not occur in any of the CESM-ME ensemble members before the sim-
ulations end in 2080. This highlights that future emissions play an essential role in the further decline of the
Barents Sea winter sea ice cover.
6. Discussion and Conclusion
The Arctic summer sea ice extent has decreased dramatically during the last few decades [Kay et al., 2011;
Stroeve et al., 2012a; Overland and Wang, 2013]. However, recent Arctic sea ice changes are also evident in
winter [Cavalieri and Parkinson, 2012; Onarheim et al., 2014; Li et al., 2017], and are particularly pronounced in
the Barents Sea (Figure 1). Here we have used a new observational data set spanning the time period since
1850 and coupled climate model simulations to assess the uniqueness of the recent winter Barents Sea ice loss
and projections for the future. The present winter Barents Sea ice cover is less than a third of the pre-satellite
mean. We find that the ongoing Barents Sea ice loss is unprecedented in the historical record (Figure 1c) and
an uncommon feature in climate model control simulations (Figure 3). If the most recent 30 year trend persists,
simple extrapolation suggests that the Barents Sea might become ice free some time between 2023 and 2036.
For a high climate forcing scenario (RCP8.5) the CESM-LE shows ice-free conditions, for the first time, ranging
from 2061 to 2088, which is in line with results from MPI-ESM-MR (2061) and NorESM1-M (2063). GFDL CM3
shows ice-free conditions already in 2028, similar to estimates obtained by extrapolating the current observed
trend. In contrast, the Barents Sea does not become ice free in the RCP4.5 forced CESM-ME before the end of
the simulations in 2080.
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The large range in the projected timing of an ice-free Barents Sea (Figure 4) is due to a combination of internal
climate variability, model differences, and scenario uncertainty. The intermodel spread in the simulated future
Arctic sea ice cover (Figure 4a) [Stroeve et al., 2007; Kay et al., 2011; Stroeve et al., 2012b] might, for instance,
be related to differences in the complexity of the sea ice models. Stroeve et al. [2007] found that models includ-
ing more sophisticated sea ice processes were better able to capture the recent observed trend. Similarly,
Bathiany et al. [2016] argued that the MPI model loses sea ice too quickly in winter due to oversimplified sea
ice parametrization. Of the models used here, CESM and NorESM1-M incorporate the relatively sophisticated
sea ice model, CICE, but it is not possible to judge based on the results presented here whether these models
are more realistic than MPI-ESM-MR and GFDL CM3. Trying to assess which model projection is most reason-
able is further complicated by the fact that a realistic representation of the past and present sea ice changes
does not imply a correct representation of its future evolution [Notz, 2015].
A possible way of reducing the prediction uncertainty is by examining the CESM-LE for emerging constraints
that could indicate which trajectory is most reasonable based on the current sea ice state [e.g., Stroeve and
Notz, 2015; Notz, 2015]. We find, however, that the ensemble members in CESM-LE becoming ice free first are
not those with small sea ice extent or large sea ice trends at present (and vice versa; not shown), and that we
therefore cannot predict which ensemble member becomes ice free first based on the past and present sea
ice state. This is consistent with the analysis of the future evolution of the Arctic summer sea ice extent by Jahn
et al. [2016], which show that common metrics of the past and present sea ice state were unable to reduce the
prediction uncertainty from internal variability. As the recent Barents Sea winter sea ice decline has largely
been driven by ocean heat transport changes [Årthun et al., 2012; Onarheim et al., 2015; Li et al., 2017], we also
examined the predictive skill in Atlantic heat transport (mean, trend, and correlation with sea ice extent) but
found no relation to the timing of ice-free conditions (not shown).
The large ensemble spread in CESM-LE projections of future winter sea ice extent indicates that internal vari-
ability has a strong influence on the timing of reaching an ice-free Barents Sea. An estimate of the relative
contributions of external forcing and internal variability on the most recent sea ice loss can be obtained by
comparing the ensemble mean CESM-LE 1988–2017 linear trend with the observed linear trend over the same
30 year time period [cf., Stroeve et al., 2007; Kay et al., 2011]. The averaging across ensemble members can-
cels out internal variability, and divided by the observed trend, it thus implies the response that results from
changes in external forcing. Assuming that the CESM-LE ensemble mean correctly represents the externally
forced trend, this calculation indicates that 72% of the recent 30 year trend is due to internal variability. The
important role of internal variability is in agreement with Li et al. [2017] who found that the observed trend in
Barents Sea ice cover during the satellite period has mainly been a result of enhanced ocean heat transport
associated with regional internal variability. In summary, internal variability is found to be important for the
observed present and modeled future winter sea ice loss in the Barents Sea (Figure 4a). However, modeled
internal variability alone cannot explain the recent observed sea ice loss (Figure 3).
Conclusions based on climate model simulations are only as reliable as the model’s ability to correctly simulate
the governing underlying processes. For the Barents Sea specifically, CMIP5 models generally underestimate
ocean heat transport into the Barents Sea and, hence, overestimate the sea ice extent [Li et al., 2017]. Consis-
tently, the models used here also show a slight overestimation, although a comparison with observations is
not straightforward as the preindustrial control runs do not include external forcing. Li et al. [2017] speculate
that these discrepancies are a result of underestimated internal variability in climate models. Consequently,
the calculated probability of the current rate of sea ice loss to occur as a result of internal variability (Figure 3)
could also be underestimated. The projected timing of ice-free conditions presented here is nevertheless in
general agreement with estimates based on downscaled A1B scenarios with a more realistic ocean heat trans-
port and mean sea ice extent [Smedsrud et al., 2013; Sandø et al., 2014b]. However, no detailed analysis of
future sea ice loss with respect to past and present trends was performed in these studies.
The recent trend toward less Arctic winter sea ice has predominantly occurred in the Barents Sea (Figure 1), and
the Barents Sea could be the first Arctic shelf sea to become ice free year round. With current emissions track-
ing the RCP8.5 scenario [Peters et al., 2013] the Barents Sea is moving toward ice-free conditions within this
century. However, reduced emissions could substantially delay this development (Figure 4). A better under-
standing of Arctic sea ice variability and trends on different time scales, and the role of internal variability, as
provided here, is therefore essential in order to predict future sea ice changes under anthropogenic warming.
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